Abstract-To clarify the cause of hypersensitivity to digitoxin, an experiment was carried out with cats. The most potent hypersensitivity to digitoxin has been observed 48 hr after the injection of a loading dose. However, 1 hr after this injection, the cats failed to show the hypersensitivity. One, 24 and 48 hr after the injection of 3H-digitoxin, the contents of digitoxin and its metabolites in subcellular fractions of hearts were measured. Digitoxin contents in microsomal fractions 48 hr after the injection only slightly decreased, while those in mitochondrial and nuclear fractions markedly decreased as compared with the check at 1 hr. An increase of sodium ions and a decrease of potassium ions in the hearts were seen 48 hr after the injection. These facts may be related to the cause of hypersensitivity.
The cumulative effect of digitalis is a well documented phenomenon, and considerable literature (1-6) has been reported, yet the mechanism of the cumulative effect of digitalis is still a matter of speculation. It is known that a marked hypersensitivity to the drug occurs several days after the injection of a loading dose of digitoxin (5, 6) . It has been often pointed out that digitoxin tightly binds with purified Na-K ATPase isolated from calf hearts (7) and that this digitoxin-enzyme complex is more stable than the ouabain enzyme complex (8) . It has also been sug gested that cardiac glycosides directly act on the sarcoplasmic reticulum (SR) within the cell (9) (10) (11) (12) (13) .
The present work was designed to clarify the cause of hypersensitivity to the drug, and the results obtained suggest that the cause of the hypersensitivity depends on whether a high concentration exists in the microsomal fraction, which comprises cell membranes and SR, during the 48 hr after administration of digitoxin.
Materials and Methods

Determination
of both dysrhythmic and lethal doses: Cats of both sexes, weighing 2.5-3.5 kg, were used in this study. Deter minations of both dysrhythmic and lethal doses of digitoxin were made by Hatcher's method 1, 24, 48 and 72 hr after an i.v. injection of a loading dose of digitoxin. As a loading dose, the 20% mean lethal dose, 132 /cg/kg, was injected.
3H-digitoxin used: The 3H-digitoxin used in these studies was randomly labeled. The specific activity were 26 mCi/mg. The chromatographic purity of the compound was tested against a digitoxin standard. Ten micrograms of standard digitoxin and tritiated digitoxin were spotted on thin layer silica gel & H. TSUKADA chromatoplates and developed and visualized according to the method of Katzung and Meyers (14) . A single radioactive spot corresponding to digitoxin was present.
Determination of radioactivity: One, 24 and 48 hr after the injection of a loading dose of 3H-digitoxin (105 /eCi/132 !€g/kg), glycoside contents (digitoxin and its me tabolites) in the blood, heart and each subcellular fraction of the heart were measured by means of the combustion method (Tricarb Sample Oxidizer, Packard Model 305). Radioactivity was determined by a liquid scintillation spectrometer (Beckman LS250). Sufficient net counts were taken to assume an error of less than 5%. All counts were corrected for quenching by means of an external standard. The adequency of this correction was checked by the use of an internal standard in occasional samples. Subcellular fractionation of the heart: The ventricle muscles were weighed, minced and homogenized in 4 volumes of sucrose solution (0.33 M sucrose, pH 6.8). Homo genization was carried out in an ice bath with a motor-driven homogenizer for a total of 2 min (15 sec of homogenization and 45 sec rest, repeated 8 times), followed by centrifugation at 4'C at 600 x g for 10 min to isolate the nuclear fraction, then at 12,000xg for 15 min to isolate the mitochondrial fraction. Finally, the microsomal fraction was separated by centrifuging the final supernatant at 100,000xg for 1 hr. To each particulate fraction, a known amount of distilled water was added, and the pellet was suspended using a glass homogenizer. The total radio activity of an aliquot of each particulate fraction was counted in a liquid scintillation counter following the combustion procedure. Protein determination of each particulate fraction was done by the Lowry method (15).
Chloroform extraction: The radioactivity from biological samples was determined by shaking each sample three times with a five fold volume of chloroform, combining the extracts, followed by evaporation. The chloro form extracts were counted in a liquid scintillation spectrometer. Recoveries of 3H digitoxin added to the serum and heart averaged 95% in the chloroform extracts.
Acid hydrolysis of the water soluble phase: Water soluble metabolites were identified after being extracted with CHC13 following heating under a concentration of 1/10 N HCI (pH 1.0).
Thin layer chromatography: Digitoxin and digitoxigenin in the CHC13 extracts of various preparations were identified by the thin layer chromatographic procedure. The following solvent system was used: methyl -ethyl ketone, xylene, chloroform (2:2:1).
Electron microscopy: Electron microscopic studies were performed on a microsomal sample. Particles in the microsomal fraction were stained negatively by potassium phos photungstate (2%).
Determination of Na-K ATPase activity in the hearts: Determination of the activity of Na-K ATPase was done by Akera's procedure (16).
Determination of sodium and potassium contents in the hearts: The cellular sodium and potassium contents in the hearts were measured flamephotometrically following routine procedures (17).
Results
Dysrhythmic and lethal doses of digitoxin: One, 24, 48 and 78 hr after the injection of a loading dose of digitoxin, both dysrhythmic and lethal doses were determined. As shown in Table 1 , 48 hr after the injection of digitoxin, the most potent hypersensitivity to the drug was seen in the cats; while 1 fir after the injection, the cats failed to show hypersensi tivity to the drug.
Identification of digitoxin and its me tabolites: One, 24 and 48 hr after the injection of 3H-digitoxin, digitoxin and its metabolites Table 1 . Dysrhythmic and lethal doses of digitoxin determined at various times after the adminis tration of the loading dose of digitoxin in cats a: As a loading dose of digitoxin , 20% of the mean lethal dose, 132 pg/kg, was injected.
*P<0.05, **P<0 .01, statistically different from the value measured at 1 hr after administration of digitoxin.
were measured. Figure 1 shows a typical radiochromatogram of CHC13-extracts of the serum and heart 48 hr after the injection. The radioactivity of each chromatogram was shown as only one spot, and each spot represents digitoxin. Water soluble me tabolites in the water phase of the serum were identified after being extracted with CHC13 following heating of this water phase under a concentration of 1/10 N HCI (pH 1.0). As shown in Fig. 2 , the spot of radioactivity represents digitoxigenin only. The percentage of CHC13-extracts from the acid-hydrolysis products of the water soluble phase in the serum and heart represented about 90 and 85 of the total radioactivity, respectively. Water soluble metabolites might represent digitoxin conjugates.
Therefore, the radio activity obtained was calculated as digitoxin. Figure 3 shows the contents of total digitoxin, digitoxin and its conjugate in heart at 1, 24 and 48 hr after injection. Twenty four and 48 hr after injection, the contents of total digitoxin and digitoxin decreased significantly compared to those of 1 hr after injection. Figure 4 shows the contents of total of the chloroform extracts of serum and heart after intra venous administration of 3H-digitoxin* in cats. Determination was carried out 48 hr after the administration of 3H-digitoxin (17 ,pCi/132 pg/kg). Solvent system: methylethylketone, xylene, chloro form (2:2:1). Contents of total digitoxin and digitoxin in the pellet were larger than those of the supernatant at various times after injection. Figure 5 shows a typical electron micro graph of a microsomal fraction isolated from cat hearts. The fragments showed sar coplasmic (SR) vesicles and fragmented cell membranes. There was no mitochondrial contamination. Figure 6 shows a typical radiochromato gram of CHCI3-extracts of the microsomal fraction or nuclear fraction. The radioactivity of each chromatogram represents digitoxin. Figure 7 shows the subcellular distribution of total digitoxin, digitoxin and its conjugate in the heart at various times after injection. The highest concentration of total digitoxin or digitoxin was seen in the microsomal fraction at various times after injection. There was a large difference in the contents of digitoxin and its conjugate in the nuclear, mitochondrial and microsomal fractions. Table 2 shows the percent of the contents of digitoxin and its conjugate in the subcellular fractions at various times after injection. Digitoxin contents in the microsomal fraction 24 or 48 hr after the injection only slightly as compared with the check at 1 hr. Table 3 shows changes of both Na-K ATPase activity and electrolyte contents in the hearts at various times after injection of digitoxin.
No significant alterations by digitoxin were observed in Na-K ATPase activity or electrolyte contents in the hearts 1 hr after injection. Twenty-four and 48 hr For further explanation, see Fig. 1 . Fig. 7 . Subcellular distribution of digitoxin and its metabolites in cat hearts at various times after admin istration of 3H-digitoxin. *P<0.05, **P<0.01, statistically different from the value measured at 1 hr after the administration. Table 2 . Percent of the contents of digitoxin and its conjugate in the subcellular fractions at various times after the administration of 3H-digitoxin ;I: As a loading dose of digitoxin , 20% of the mean lethal dose, 132 ug/kg, was injected. Table 3 . Na-K ATPase activity and electrolyte contents in the cardiac muscles at various times after the administration of digitoxin As a loading dose of digitoxin, 20% of the mean lethal dose, 132 pg/kg, was injected. *P<0.05 , statistically different from the value measured at 1 hr after administration of digitoxin.
after injection, Na-K ATPase activity tended to be inhibited, but the differences from the value measured at 1 hr after injection were not significant. On the other hand, as shown in Table 3 , electrolyte contents in the hearts 48 hr after injection were altered significantly compared to those at 1 hr.
Discussion
The most potent hypersensitivity to digi toxin was seen in the cats 48 hr after injection, while 1 hr after injection, the cats failed to show hypersensitivity to the drug (Table 1) . On the other hand, contents of total digitoxin and digitoxin in the serum and hearts 48 hr after injection decreased significantly compared to those of 1 hr after injection. Therefore, it is clear that hypersensitivity is independent of the level of digitoxin in the serum or hearts. The most important finding in the present study was that digitoxin contents in the microsomal fraction showed little decrease even though the contents in pellet markedly decreased as compared with the value measured at 1 hr after the injection (Figs. 4 and 7) . Total radioactivity in the microsomal fraction 1 hr after the injection was the highest concentration in all the fractions. These results confirm those reported previously using Langendorff's cat hears (18) . It has also sometimes been reported, using various animals, that glycosides have the highest affinity to the microsomal fraction as compared with other particulate fractions (19) (20) (21) . From these findings, it is suggested that cardiac glycosides might have a great affinity for the microsomal fraction regardless of the animal species.
From the present results, the following may be considered as a possible mechanism responsible for the hypersensitivity: digitoxin occupying the Na-K ATPase of cell mem branes which are contained in the microsomal fraction produces a hypersensitivity to the drug as a result of the cumulative effect of the drug. Matsui and Schwarz (7) have shown that Na-K ATPase, highly purified from the membrane fraction (microsomal fraction) of calf hearts, has an ATP-dependent and ion dependent ability to bind digitalis glycosides. Indeed, 24 and 48 hr after injection, Na-K ATPase activity tended to be inhibited; although the differences from the value measured at 1 hr after injection were not statistically significant (Table 3 ). It follows then that long lasting inhibition, though weak, Na-K ATPase activity by the drug occupying the cell membrane proceeds. Thus, it may be considered that the inhibition elicits a significant increase of sodium ions and a decrease of potassium ions in the heart 48 hr after injection (Table 3) . A decrease of the membrane potential of cardiac muscles is elicited as a result of the electrolyte changes produced by the drug. A firing of action potential in the heart muscles may occur more easily when mem brane potential decreased. Therefore, digitalis induced dysrhythmia may occur more easily when inhibition of Na-K ATPase activity occurs in the cardiac muscles. Indeed, it was demonstrated that a decrease of the lethal dose of digitoxin in cats with a hypersensi tivity to the drug was paralel with a decrease in the dysrhythmic dose of digitoxin (Table 1) .
The microsomal fraction comprises SR vesicles in addition to cell membranes. Several investigators have reported that cardiac glycosides may produce inotropic action as a result of the drug action on the SR vesicles (9) (10) (11) (12) 19) . These recent results suggest the possibility that digitoxin occupied in the SR may act on the SR in cardiac muscles at the toxic stage: A digitalis-induced contracture, namely, insufficient myocardial relaxation might occur due to an incomplete Ca-uptake by the digitoxin occupying SR.
Several studies on the nature of the water soluble metabolites of digitoxin have been published (14, 22, 23) . It has been reported that water soluble metabolites were observed in the human heart a considerable time after the administration of digitoxin (14) . Further more, Yoshida (23) reported that the water soluble metabolites in cat bile yielded digi toxin only after enzymatic separation. In this experiment, acid hydrolysis of the water soluble metabolites of digitoxin yielded only 3H-digitoxigenin as determined radiochro matographically. Therefore, the majority of the water soluble metabolites in the heart may represent digitoxin conjugates.
As we have already reported (5), cats with inter rupted enterohepatic circulation of digitoxin, i.e., biliary fistula cats, failed to show both the accumulation of digitoxin in the heart and hypersensitivity to digitoxin. Contents of the water soluble metabolites in the micro somal fraction 48 hr after injection of digitoxin were greater than those at 1 hr. Therefore, this increase in the contents of water soluble metabolites in the microsomal fraction may depend on the drug concentration in the liver after the administration of digitoxin (4, 23), the liver supplying the drug to other organs, such as the heart for a long period of time. Discharging cortical lesions produced by freezing; the effect of anticonvulsants on sodium-potassium-activated ATPase, sodium, and potassium in cortex. Neurology (N.Y.) 19, 565-569 (1969) 
